Abstract: A variety of piano-stool complexes of cyclopentadienyl ruthenium(II) with imidazole-based PN ligands have been synthesized starting from the precursor complexes CpRu(C10H8)]PF6, CpRu(NCMe)(3)]PF6 and CpRu(PPh3)(2)Cl]. PN ligands used are imidazol-2-yl, -4-yl and -5-yl phosphines. Depending on the ligand and precursor different types of coordination modes were observed; in the case of polyimidazolyl PN ligands these were kappa P-1-monodentate, kappa P-2,N-, kappa N-2,N-and kappa N-3,N,N-chelating and mu-kappa P:kappa N-2,N-brigding. The solid-state structures of CpRu(1a)(2)Cl]center dot H2O (5 center dot H2O) and CpRu(mu-kappa(2)-N,N-kappa('1)-P-2b)(2)](C6H5PO3H)(2)(C6H5PO3H2)( 2), a hydrolysis product of the as well determined CpRu(2b) (2)](PF6)(2)center dot 2CH(3)CN (7b center dot 2CH(3)CN) were determined (1a = imidazol-2-yldiphenyl phosphine, 2b = bis(1-methylimidazol-2-yl) phenyl phosphine, 3a = tris(imidazol-2-yl) phosphine). Furthermore, the complexes CpRu(L) (2) [e] Anorganisch-Chemisches Institut, Universität Zürich-Irchel, Winterthurerstr. 190, CH-8057 Zürich, Switzerland.
Introduction
The addition of water to alkynes is an important step in the synthesis of carbonyl compounds and has a long history going back as far as 1860, when Berthelot discovered the hydration of acetylene in sulfuric acid. 1 One of the longest known reactions to catalyze the hydration of alkynes is the reaction with mercury(II) salts. 2, 3, 4 Even though mercury is extremely hazardous, this reaction is still the favoured process for industrial application because it is reliable and produces good yields. 5 Other metal-based catalysts which catalyze the Markovnikov as well as anti-Markovnikov hydration include NaAuCl 4 , RuCl 3 and [Ru(III)(EDTA-H)Cl], RhCl 3 , PtCl 4 and the Zeise dimer [{PtCl 3 (CH 2 =CH 2 )} 2 ], just to name a few. 6, 7, 8, 9, 10, 11, 12, 13 Besides these homogenous catalysts also heterogenous catalyst systems are used. 14, 15, 16 The first ruthenium(II) complex to be known to catalyze the anti-Markovnikov hydration was a phosphine complex described by Tokunaga and Wakatsuki. 17, 18 The catalytic activity as well as the selectivity of ruthenium(II) depends on the nature of the phosphine ligands. 19 Using PPh 2 (C 6 F 5 ) and P(3-C 6 H 4 SO 3 Na) 3 as ligands leads to selective anti-Markovnikov addition of water and satisfactory yields of the aldehyde. However, these catalytic systems involve a high catalyst/metal loading and yield only moderate turnovers and selectivity. Using cyclopentadienyl ruthenium(II) complexes with monodentate or bidentate phosphine ligands provides an increased catalytic activity as well as selectivity towards the anti-Markovnikov product, e.g. [CpRu(dppm)Cl] (dppm = bis(diphenylphosphino)methane) gives the anti-Markovnikov product in excellent yield while tolerating a wide spectrum of substrates. 20 Nature uses proteins as polyfunctional ligands, which show multiple interactions between the enzyme and either substrate, intermediate(s), or transition state(s) during the catalytic cycle. 3 For example, the tungsteno enzyme acetylene hydratase of Pelobacter acetylenicus uses acetylene as the sole carbon source, which is converted to acetaldehyde and then used by the enzyme to build acetic acid and
In this report we investigated the hydration of terminal alkynes catalyzed by CpRu(II) compounds containing different imidazolyl phosphines as potentially bifunctional PN ligands. The imidazol-2-yl and imidazol-4-yl phosphine ligands employed bear substituents of varying steric demand. Also included were selected bis and tris(imidazolyl)phosphine ligands.
Experimental Section

Synthesis
Compounds 1a,b,d -3a,b,d 32, 33 and 1h 34 as well as [CpRu(PPh 3 ) 2 Cl] 35 and [CpRu(C 10 H 8 )]PF 6 36 were prepared according to literature procedures. All reactions were carried out in Schlenk tubes under an atmosphere of dry nitrogen using anhydrous solvents purified according to standard procedures. All chemicals were purchased from commercial sources and used as received. H} NMR spectra were referenced to external 85% H 3 PO 4 . The ESI mass spectra were recorded on a Finnigan LCQ Deca ion trap API mass spectrometer. The MALDI mass spectra were recorded on a Bruker Ultraflex MALDI-TOF mass spectrometer. The FAB mass spectra were recorded on a Finnigan MAT 8200 mass spectrometer using a nitrobenzylic alcohol (NBA) matrix. Infrared spectra were recorded with a Bruker IFS 66 FT-IR spectrometer. The elemental composition of the compounds was determined with a Perkin Elmer Analysator 2400 at the Institut für Pharmazeutische und Medizinische Chemie, Heinrich-Heine Universität Düsseldorf.
Synthesis of 1-methyl-4,5-diphenylimidazole-2-yl-diphenylphosphine (2-MIP diPh-NMe
, 1c)
1-Methyl-4,5-diphenylimidazole (2 g, 8 mmol) is placed in a Schlenk tube equipped with a magnetic stirring bar and dissolved in dry thf (100 mL). At -78 °C n-butyllithium (5.3 mL, 1.6 M in hexane) is added slowly to the solution, which turns deep red. The reaction mixture is stirred at -78 °C for 1 h until the diphenylchlorophosphine (1.6 mL, 8.0 mmol) is slowly added to the solution, which turns yellow and is then stirred over night at room temperature. The solvent is removed and the residue is dissolved in with ammonia-saturated dichloromethane. This solution is stirred over night and the white solid is filtered off. The solvent is removed from the filtrate yielding the product as a white-yellow solid, which is dried under vacuum. Yield 2.00 g (60 %). , 1e) 1-Methoxymethyl-2-tert-butylimidazole (1.3 g, 8.0 mmol) is placed in a Schlenk tube equipped with a magnetic stirring bar and dissolved in dry thf (100 mL). At -78 °C tert-butyllithium (5.3 mL, 1.6 M in hexane) is added slowly to the solution, which turns deep red. The reaction mixture is stirred at -78 °C for 1 h until the diphenylchlorophosphine (1.6 mL, 8.0 mmol) is slowly added to the solution, which turns yellow and is then stirred over night at room temperature. The solvent is removed and the residue is dissolved in with ammonia-saturated dichloromethane. This solution is stirred over night and the white solid is filtered off. The solvent is removed from the filtrate and the residue dissolved in acetone/water (10 : 1) and 2 mL of conc. hydrochloric acid added. The mixture is refluxed for 4 hours, all volatiles removed in vacuo and the residue dissolved in a minimum amount of ethanol and sodium hydroxide solution added. The precipitate is filtered off, washed with diethyl ether and dried in vacuo. 
Synthesis of 2-tert-butylimidazole-4(5)-yl-diphenylphosphine
Synthesis of 2-phenylimidazole-4(5)-yldiphenylphosphine (4-MIP
Ph
, 1f)
1-Methoxymethyl-2-phenylimidazole (1.5 g, 8.0 mmol) is placed in a Schlenk tube equipped with a magnetic stirring bar and dissolved in dry thf (100 mL). At -78 °C tert.-butyllithium (5.3 mL, 1.6 M in hexane) is added slowly to the solution, which turns deep red. The reaction mixture is stirred at -78 °C for 1 h until the diphenylchlorophosphine (1.6 mL, 8.0 mmol) is slowly added to the solution, which turns yellow and is then stirred over night at room temperature. The solvent is removed and the residue is dissolved in with ammonia-saturated dichloromethane. This solution is stirred over night and the white solid is filtered off. The solvent is removed from the filtrate and the residue (which is the protected phosphine, A solution of n-butyl lithium in n-hexane (1.6 M, 12 mL, 19 mmol) was added drop-wise to a solution of 3.0 g (18 mmol) of 1-diethoxymethylimidazole in diethyl ether (150 mL) at -78°C. The reaction mixture was stirred at -40°C for 1 h and then was cooled to -78°C and PCl 3 (1.56 g, 8.72 mmol) was added. The reaction mixture was stirred at -78°C for 1h and at ambient temperature over night.
Synthesis of 1-methyl-2-isopropylimidazole-4-yldiphenylphosphine (4-MIP
Concentrated ammonia solution (5 mL) was added, the phases separated, the organic phase was collected and all volatiles were removed in vacuo. The oily residue was dissolved in 100 mL acetone/water (10:1) and stirred at ambient temperature for 72 h. 2 Cl] (5) [CpRu(PPh 3 ) 2 Cl] (100 mg, 0.138 mmol) and 1a (70 mg, 0.28 mmol) were heated to 90 °C for 8 hours in toluene (15 mL). The volatiles were removed in vacuo and the residue treated with n-hexane (15 mL).
The resulting solid was filtered and dried in vacuo. Yield 61 mg (63 %). 
Synthesis of [CpRu(P-1d) 2 Cl] (6)
[CpRu(PPh 3 ) 2 Cl] (0.51 g, 0.70 mmol) and 1d (0.38 g, 1.5 mmol) were heated for 20 h in toluene to reflux. The volatiles were removed in vacuo and the residue treated with n-hexane to give a yellow solid. After filtration the product was chromatographed on silica (ethyl acetate). Crystallization from methanol/n-hexane yielded 18 mg (30 %) of 6. 6 and 2a (0.12 mmol, 36 mg) were dissolved in acetonitrile and heated to gentle reflux for 24 hours. The volatiles were removed in vacuo, the residue washed with n-hexane and diethyl ether and dried in vacuo. Yield: 69 mg (90 %). 
Synthesis of [{CpRu(-
2 N,N:' 1 P-2a)} 2 ](PF 6 ) 2 (7a) 50 mg (0.12 mmol) of [CpRu(NCCH 3 ) 3 ]PF
Synthesis of [CpRu(P-3a)(PPh 3 )Cl] (9)
100 mg (0.132 mmol) [CpRu(PPh 3 ) 2 Cl] were dissolved in 20 mL toluene upon gentle heating. 32 mg (0.13 mmol) of 3a were added and the solution was stirred at 70 °C for 6 h. A greenish white solid was separated and the orange solution was subsequently reduced in vacuo. The orange residue was taken up in 2 mL dichloromethane. Column-chromatography on silica gel with dichloromethane and ethyl acetate respectively, gave the product as an orange solid. Yield: 55 mg (57 %) 
General procedure for the catalytic hydration reaction
[RuCp(C 10 H 8 )]PF 6 (22 mg, 0.05 mmol) and the respective ligand (2.2 eq., 0.11 mmol) were dissolved in acetonitrile or dichloromethane, respectively. The solution was stirred at 60 °C over night. Removal of most of the solvent under vacuum and addition of diethyl ether or hexane resulted in the respective ruthenium complex as a fine yellow powder, which is dried under vacuum after filtration. This preformed, but not further purified ruthenium catalyst (0.05 mmol, 5 mol% catalyst loading) was dissolved in acetone (2 mL) and degassed 1-octyne (150 µL) and water (90 µL) were added to the solution. The reaction mixture was stirred at 60 °C in an oil bath. The progress of the reaction was monitored by GC. collected at 183(2) K on an Oxford Diffraction Xcalibur system with a Ruby detector using Mo K α radiation (λ = 0.7107 Å) that was graphite-monochromated. Suitable crystals were covered with oil (Infineum V8512, formerly known as Paratone N), mounted on top of a glass fibre and immediately transferred to the diffractometer. The program suite CrysAlis Pro was used for data collection, multi-scan absorption correction and data reduction. 37 Structures were solved with direct methods using SIR97 38 and were refined by full-matrix least-squares methods on F 2 with SHELXL-97. 39 The structures were checked for higher symmetry with help of the program Platon. 40 The H 2 O were mounted on a glass fibre with a small amount of inert oil. Data collection was carried out at 100 K using an Oxford Diffraction Xcalibur diffractometer, equipped with an EOS CCD area detector and a four-circle kappa goniometer using Mo-Kα radiation (λ = 0.71073 Å). Data integration, scaling and empirical absorption correction was carried out using the CrysAlis Pro program package. 37 The structure of was solved using Direct Methods and refined by Full-Matrix-Least-Squares against F 2 . All non-hydrogen atoms positions were refined freely and simultaneously using anisotropic displacement parameters. The positional parameters of the hydrogen atoms of the CH groups were refined freely. The positional parameters of the hydrogen atoms of the NH groups were refined with soft N─H distance restraints and individual U iso values. The hydrogen atoms of the water molecule were refine with soft O-H and H-H distance restraints giving these hydrogen atoms a fixed isotropic displacement parameters. All calculations were carried out using the program SHELX97. Diffraction Gemini E Ultra diffractometer, equipped with an EOS CCD area detector and a four-circle kappa goniometer using Mo-Kα radiation (λ = 0.71073 Å). Data integration, scaling and empirical absorption correction was carried out using the CrysAlis Pro program package. 37 The structure was solved using Direct Methods and refined by Full-Matrix-Least-Squares against F 2 . All non-hydrogen atoms were refined anisotropically and hydrogen atoms were placed at idealised positions and refined using the riding model. All calculations were carried out using the program Olex2. 41 Important crystallographic data and refinement details are summarised in 43 We synthesised several series of imidazole-based phosphine ligands in the last few years for biomimetic model complexes and metallo-drugs. 33, 34, 44, 45, 46, 47 Here, these ligands as well as some new PN ligands, as depicted in Figure 1 , were used in CpRu-complexes, which should catalyse the hydration of alkynes. Spectroscopic data of the four new ligands 1c,h-j is summarized in H} NMR shifts of the ligands (δ L ) and the respective ruthenium complexes (δ C ) as well as (Table 3) . Especially the high field shift of the resonance of the P-atom of the ligand 1d from about 25 to -5 ppm is typical for the change in the coordination mode of the ligand from κP to κ 2
X-ray crystallography
Crystallographic data of [{CpRu(- 2 -N,N-' 1 -P-2b)} 2 ](
Results and Discussion
Synthesis of PN ligands
the coordination shift Δδ = δ C -δ L (in methanol-d 4 ).
CpRu(PPh 3 )(L)Cl
PN.
50
This can also be forced in acetone by abstraction of the chloride ligand upon addition of TlNO 3 (Scheme 4 and ESI). H NMR, respectively. The most intense signal in the MALDI spectrum is found at m/z = 437 and shows an isotopic pattern characteristic for a compound with two ruthenium atoms and thus a charge of +2. Additionally, a peak with small intensity is found at 874. This is in accordance with a dimeric structure (Scheme 5), which was confirmed by single crystal analysis (see below). Only the cyclopentienyl and the phenyl ring are conformational slightly twisted along the rutheniumcyclopentadienyl centroid and the ispo -para atoms of the phenyl ring respectively. 
Solid-state structures
H 2 O), [{CpRu(μ -κ 2 -N,N-κ' 1 -P- 2b)} 2 ](PF 6 ) 2 . CH 3 CN (7b . CH 3 CN), [{CpRu(μ -κ 2 -N,N-κ' 1 -P-2b)} 2 ](
Catalytic trials with CpRu-based complexes of PN ligands
Grotjahn et al. described the catalytic activity of the complex [CpRu(L) 2 (NCCH 3 )]PF 6 with the PN ligand 2-diphenylphosphino-6-tert-butylpyridine (L) in the hydration of several terminal alkynes to give up to 99.9 % yield within 3 h with a catalyst loading of just 2 mol-%. 25 We used a protocol established for the catalytic hydration of ruthenium(II) pyridinyl phosphine The corresponding CpRu-precursor and two equivalents of the corresponding ligand were stirred at 60 °C in an oil bath over night (monitored by 
Conclusions
We prepared CpRu-complexes with imidazole-based PN ligands. Three types of coordination modes for the PN ligands have been found in the corresponding CpRu complexes: κ [ ‡] X-ray structure analysis. The solvent is removed from the filtrate and the resulting brown oil is dissolved in dichloromethane and filtered. The solvent is removed from the filtrate and the oil is dried under vacuum. (7.9 g, 97 %). 
